Abstract-The performance of passive phase-change cooling devices, such as vapor chambers or heat pipes, may be significantly enhanced by exploiting the superior thermal properties of carbon nanotube (CNT) arrays. The potential for large reductions in overall package resistance with the use of high-conductivity wick materials enhanced with CNT nanostructures is investigated. While such nanostructured wicks feature very small pore sizes that support high capillary pressures, it is shown that the high fluid flow resistance through these dense arrays prevents their use as the lone fluid transport mechanism. It is proposed that evaporator surfaces comprised of nanostructured wicks fed by interspersed conventional wick materials (such as sintered powders) can provide the required permeability for fluid flow while simultaneously decreasing the effective evaporator thermal resistance. Optimization of wicks with integrated sintered and nanostructured areas requires a study of the trade-offs between the greater permeability of the sintered materials and the greater capillary pressure and thin-film evaporation area offered by the nanostructures. A numerical model is developed to estimate the thermal resistance of the evaporator region compared to that of a homogeneous sintered powder wick. The inputs needed for this model include the permeability and the capillary pressure in the two regions. A parametric study is conducted as a function of the ratio of conduction and evaporative resistances for the nanostructured and sintered regions. For a given heat input, the optimal liquid-feeding geometry that minimizes thermal resistance is obtained. In the best cases, the thermal resistance is reduced by a factor of thirteen through the use of the integrated nanostructured wicks compared to the resistance of a homogeneous sintered powder wick.
Bulk sintered powder area radius (m). r evap Evaporator area radius (m).
T base Uniform evaporator base temperature (K). T vapor Vapor temperature (K).
T req T base − T vapor (K). z Axial distance (m).
II. INTRODUCTION

C
ONTINUED advances in the electronics packaging industry have led to components with greater power dissipation being integrated into ever-decreasing package sizes. This trend requires novel cooling solutions that provide for minimal overall thermal resistance between the component and the ambient to ensure reliable, low-temperature operation. Heat pipes and vapor chambers are widely used as thermal management devices for high-flux cooling applications. These devices are particularly suitable for applications that demand passive operation in confined geometries where conventional air cooling solutions are insufficient or unfeasible. Vapor chambers enclose a porous wicking material and working fluid within a chamber with distinct heat input and condensing sections. Fluid is locally evaporated at the heat input section and is replenished by capillary wicking of fluid from the condenser. By taking advantage of the high evaporation and condensation effective heat transfer coefficients, the overall package thermal resistance can be considerably lower than a solid conduction heat spreader alternative. Integration of emerging nano-materials into vapor chambers by means of advanced micro-fabrication techniques provides one possible path for meeting increasingly challenging cooling demands.
Owing to the high axial conduction and small height relative to a conventional wick structure, use of a carbon nanotube (CNT) array can minimize the conduction resistance across the evaporator section. The small pore structure supported by the CNT array can also result in an increase in the area of the thin liquid film, leading to higher evaporative heat transfer rates. While there has been limited investigation into thin-film evaporation enhancement using CNT arrays, several studies have explored pool boiling from CNT-coated surfaces and observed to improve the thermal performance [1] , [2] . Additionally, the porosity of a densely grown array of CNTs generates significant capillary pressure. Zhou et al. [3] demonstrated the viability of using CNTs directly as a nanowick material capable of transporting fluid through capillary action. Fig. 1 shows an axisymmetric cross section of a vapor chamber with the sintered powder material at the evaporator section replaced by a CNT array. Cai and Chen [4] also proposed that the usage of CNT arrays as wicking structures for high-flux cooling applications. The arrays in their study were patterned to form 50 μm wide CNT-free channels to provide low-flow-resistance paths. Such a CNT wick structure was able to maintain a surface at a 35-45°C superheat for a heat flux of 600 Wcm −2 with water as the working fluid. The predicted thermal resistance of nanostructured evaporators can be further incorporated into higher level heat pipe models to predict the overall device performance enhancement [5] .
The goal of this paper is to assess the thermal resistance reduction provided by a CNT array fed by patterned sintered copper powder wicks. Numerical flow models are employed to calculate the pressure drop within the evaporator to predict when capillary dryout occurs. The approach is similar to the analytical model of Wang and Peterson [6] for estimating capillary evaporation limits in thin porous layers, except that more complex and bi-porous geometries can be evaluated by using the approach developed here. Thus, the geometry can be parametrically altered to maximize the area of the low-thermalresistance CNT area while maintaining appropriate fluid feeding through a bulk micro-wick material. The particular bulk wicking material considered in the model is a sintered copper powder, although the method is general and can be applied to any feeding structures. The working fluid considered is water.
III. WICKING STRUCTURES AND PHYSICAL PROPERTIES
Two important fluid flow properties of wick materials for the purposes of determining capillary flow limitations are the pore radius and the permeability. The pore radius directly relates to the capillary pressure as
As the pores become smaller, a larger capillary pressure is generated to drive the flow. However, the permeability, a measure of the ease of flow through the wick, decreases with decreasing pore size. This unavoidable trade-off between capillary pressure and flow resistance determines the maximum working distance for a given fluid flow rate within the wick (or equivalently, for a given total evaporation rate). The present analysis considers a single geometry each for both the sintered powder and the CNT microstructure with particular values for pore radius and permeability. The focus is on varying the macroscopic evaporator geometry to minimize flow resistance.
The CNT array parameters are typical of nanotube growth by microwave plasma-enhanced chemical vapor deposition (PECVD) using a titanium-aluminum-iron trilayer catalyst on a copper substrate with 200 W microwave plasma at 10 torr for 10 minutes [7] . CNTs are naturally hydrophobic and require functionalization via metallization or an acid treatment process. The diameter and length of a single nanotube are taken as 50 nm and 20 μm, respectively, with an array density of 2 × 10 9 CNTcm −2 . For the purposes of estimating the permeability and the pore radius, the array is assumed to consist of square-packed vertical cylinders as shown in Fig. 2 . For this packing arrangement, the array density translates to a porosity of 0.90. The permeability of the CNT array is calculated to be 7.18 × 10 −16 m 2 from the analytical solution for flow through square-packed vertical cylinders provided by Larson and Higdon [8] . The capillary pressure and pore radius (assuming a wetting fluid) are determined from the analysis of Ranjan et al. [9] , who used the program, SURFACE EVOLVER [10] , to calculate the static meniscus shape of fluid within the pore of square-packed vertical cylinders to predict the capillary pressure. By applying the model for a porosity of 0.90 yields a pore radius and capillary pressure of 200 nm and 7.2 × 10 5 Pa, respectively. The assumed bulk micro-wick material used in all models is comprised of a sintered structure made from 50 μm particles yielding a porosity of 0.66. The thickness of the sintered porous layer is assumed to be 200 μm. A relatively small particle size is chosen in order to allow for the creation of fine geometry features. As will be seen later, this powder size does not limit the maximum flow, and the results of the study are relatively independent of the sintered copper powder flow properties. The permeability and pore radius are obtained from correlations for packed sintered spheres [11] . A permeability of 2.25 ×10 −11 m 2 and a pore radius of 10.5 μm (P cap = 1.37 × 10 4 Pa) are obtained from the equations
A summary of the properties used in the analysis for the CNT array and sintered powder wick are presented in Table 1 .
IV. MODEL DEVELOPMENT
This section presents the rationale and the assumptions underlying the model developed to predict the thermal resistance enhancement provided by an integrated CNT array evaporator. In all cases, a circular evaporator section with a radius of 5 mm is assumed, and is representative of hotspot thermal management. The fluid flow and pressure drop are solved for in the commercial software package, FLUENT 12], while heat transfer is accounted for by setting the mass flux at the surfaces undergoing evaporation. The heat transfer thus takes place via evaporation from a free surface fixed at the top of the porous layer. Also, it is assumed that there is no additional resistance to flow at the junction between the CNT and the sintered powder regions. Several previous studies [13] - [15] support a continuum solution approach for liquid transport through a CNT array.
A. Pressure Drop in the CNT Array
While full coverage with CNTs over the 5 mm-diameter evaporator may seem beneficial for lowering the thermal resistance due to the high thermal conductivity of CNTs, the low permeability of the array also prevents fluid from being supplied to the entire surface, which can lead to a starved wick with poor performance. However, an analytical calculation of pressure drop through the CNT region first assumes the entire evaporator region to be covered with CNTs. Fig. 3 shows an axisymmetric view of this configuration. The continuity and r-momentum equations for steady, incompressible fluid flow in an isotropic porous structure may be written as
While the CNT array is not an isotropic structure, the radial permeability may be assumed constant and, if fully developed, 1-D uniform flow in the radial direction is assumed, the r-momentum equation simplifies to
Accounting for the decreasing mass flow rate in the r-direction due to uniform evaporation from the top surfacė
and integrating from the outer edge of the CNT region at r evap to a radius r , the expression for the pressure drop over this annular region can be obtained as For a relatively low heat input of 10 W, with an equivalent mass flow rate ofṁ total = q h f g (9) it is found that the liquid pressure drop exceeds the capillary pressure generated within the first millimeter of flow distance. While the small pores of the CNT array provide orders of magnitude larger capillary pressure than conventional microwicks, the permeability of the array is too limiting even to support flow rates corresponding to moderate heat inputs. In order to exploit CNTs for wicking action as well as for adequate permeability, a novel feeding mechanism is required to reduce the pressure drop within the CNT region.
B. Nanostructured Geometry and Thermal Resistance Model
One approach to realizing the thermal benefits of a CNT array in spite of their low permeability is by interspersing a patterned micro-wick into the CNTs in the 5 mm radius evaporator region. While the micro-wick would increase the overall thermal resistance, it could ensure that the CNT array is fed with liquid by reducing both the required wicking distance through the CNT array and the inlet mass flux to the CNT regions. This trade-off between the added fluid supply and the reduced CNT area due to the interspersed micro-wick motivates the present analysis to identify a geometry that could provide a net gain in performance.
The geometry selected for this integration is a series of alternating wedges of CNT and micro-wick layers of equal angles, , covering the entire evaporator area. This geometry was chosen because it easily allowed the evaporator to be parametrically segmented into multiple sized CNT sections and is feasible to manufacture. Fig. 4 (a) depicts a representative unit cell section of this geometry showing the wedges with CNTs and the micro-wick. This section of the wedge is modeled with symmetry boundary conditions on the cut sides. The radius of the bulk wick material, r bulk , is set at 12.5 mm in the model. However, it was verified that the results are independent of this parameter because the total pressure drop in the sintered material up to the evaporator section is negligible compared to that in the CNT array. Fig. 4(b) illustrates the simplified evaporator thermal and the fluid flow conditions that are modeled. Evaporation is assumed to occur from the top and vertical surfaces of both the CNTs and the sintered powder only within the central evaporator region. The individual evaporation mass fluxes from wedges of each material are adjusted such that the total heat input is split among the number of wedges required to fill a full 360°e vaporator region, allowing for direct comparison between different cases with the wedge angle varied. The mass flux required for a given heat input is split between the CNT and the sintered powder sections based on the parallel resistances to heat flow of the two layers according tȯ
where
The entire base of the evaporator is assumed to be at a uniform temperature. This is a reasonable assumption as the separate wedge sections have a small angle and the high conductivity of the heat pipe wall smoothes out any temperature differences induced by dissimilarities in the heat transfer coefficients over the separate wedge regions. Therefore, the mass flux of the sections is only a function of the heat input and the relative ratio of the thermal resistances of the CNT array and the sintered powder wedges. The porosity and permeability of the CNT array and sintered powder are assigned to the different regions and the governing equations for steady, incompressible flow within porous media are solved in FLUENT to obtain the pressure drop throughout the structure. The fluid flow boundary conditions set according to the above formulations are captured in Fig. 4(c) . A mesh independence study was performed to ensure that a mesh of 337 500 structured hexahedral finite volume cells provided a sufficiently-resolved solution independent of the mesh size. At this mesh size, doubling the number of cells yields only a 0.25% change in the predicted maximum pressure drop. for an overall, dimensionless evaporator thermal resistance is formulated based on the pressure drop results. For small wedge angles, the pressure drop never exceeds the capillary pressure in the CNT array or sintered powder regions. For this case, the thermal resistance can be simply defined as
For larger wedge angles, the pressure drop begins to exceed the available capillary pressure within the CNT array region. The area over which this occurs is considered to reach a dryout condition and no longer participates in heat transfer. This reduction of evaporative heat transfer from the wick is accounted for as an increased effective thermal resistance of the evaporator region according to R = T re− q dr yout (13) where
In other words, starvation of the CNT area at a nominal heat input of q forces a reduction in the supplied heat input by q dr yout in order to maintain a fully wetted CNT area at an equivalent T req . In these cases, the effective thermal resistance is essentially increased by imposing a maximum pressure drop constraint, which reduces the maximum possible heat dissipation. The calculated resistance values are then normalized against a baseline case, which considers the evaporator region to consist entirely of sintered copper powder where
This formulation is particularly useful because it yields a measure of the effective reduction in the evaporator thermal resistance provided by the proposed geometries compared to a conventional homogeneous sintered powder evaporator.
C. Parametric Studies
The dimensionless resistances are found for a set of test cases. Variation of the wedge angle, , shows how this resistance varies as the evaporator is subdivided into smaller separate CNT array and sintered powder regions. This wedge angle variation is performed for a set of different heat inputs and sintered powder to CNT array thermal resistance ratios (R S /R CNT ). The dependence of the results on the heat input provides insight into the change in evaporator design guidelines with changing heat load. A range of R S /R CNT ratios are selected for the analysis to account for large uncertainty in the enhancement potential of the CNT array.
The wedge angle is varied from 3°to 60°. Below this angle, the reduced sizes of the sintered powder features become impractical to fabricate from 50 μm particles. The range of R S /R CNT is predicted based on the relative conduction resistances of the two layers, since the two-phase evaporation resistance is significantly lower than the conduction resistance through the saturated wick. A wide range of sintered powder effective conductivities are cited in the literature. These values generally fall between the limits for the effective conductivity of porous materials predicted by the effective medium theory (EMT) equation and the Maxwell-Eucken model [16] EMT :
Maxwell−Eucken :
For a copper sintered powder saturated with water, these equations predict an effective conductivity range of 13 to 100 Wm −1 K −1 , corresponding to an approximate sintered powder thermal resistance from 1.5×10 −6 to 1.5 × 10 −5 m 2 KW −1 for a 200 μm layer. Cola et al. [17] measured the thermal resistance of CNTs grown on copper substrates by PECVD using a photoacoustic characterization technique. The thermal resistance of the CNT array was found to be 1.0 ± 0.5×10 −6 m 2 KW −1 . These cited values for the different wick materials suggest a range for R S /R CNT from 1 to 25. The heat input is varied from 10-50 W. Above 50 W, the maximum superheat value for the highest resistance test case is likely to induce boiling in the wick, invalidating some of the principal assumptions of the model.
V. RESULTS AND DISCUSSION
The variation in performance of the integrated nanostructured evaporator with changing wedge angle is first investigated for a given heat input and R S /R CNT ratio. Fig. 7 presents these performance results in the form of relative dryout area, A dr yout /A CNT , and the dimensionless evaporator resistance, R/R baseline .
The first step in calculating and understanding the thermal performance is to track the amount of dried out CNT area for different wedge angles. Fig. 7(a) shows that there is initially no dried out CNT area ( A dr yout /A CNT = 0) for the low wedge angles because the total pressure drop across the small wedge remains below the capillary pressure. As expected, with an increase in wedge angle, the distance the fluid must travel to the center of the CNT region and the associated pressure drop increases until it eventually exceeds the capillary pressure. This leads to increasing dryout area with increasing wedge angle. The correlation between dryout area and thermal performance is depicted in Fig 7(b) . It is noted that when the dimensionless resistance is less than 1, the evaporator resistance is lower than the baseline case of a homogeneous sintered powder layer. Two distinct regions are observed in the resistance variation with wedge angle. The first is observed for small angles for which the resistance is constant and minimized, corresponding to the conditions of zero dryout area. In this region, because flow in the CNT array has no capillary flow limitation, the resistance is simply a function of the relative areas and resistances of the CNT and sintered powder layers. Because the total areas of CNTs and sintered powder do not change as the angle is varied, the resistance is constant. So long as R S /R CNT > 1 (i.e., the CNT layer is more conductive than the powder), unimpeded flow to the CNT areas will lead to improve the performance compared to the baseline case, as is true in this case. The largest angle for which this minimum resistance occurs may be considered, an optimal condition as further decreases in the feature size could result in greater manufacturing expense with no added performance benefits. This optimal angle occurs when the pressure drop in the CNT region is equivalent to the capillary pressure provided, just as the CNT area begins to be starved of liquid. For the conditions shown in Fig. 7 , this optimal angle is approximately 10°. The second region of the graph begins just beyond the optimal angle. As the angle increases, larger portions of the CNT area become dried out, which eliminates their contribution to heat transfer and increases the evaporator thermal resistance. However, for a range of angles above the optimum value, there is still enough actively evaporating, lowresistance CNT array area to maintain the evaporator resistance below the baseline case. At some critical angle, however, the amount of dried-out CNT area is large enough that the resistance becomes larger than the baseline case. The relative dryout area and dimensionless resistance versus wedge angle are shown in Fig. 7(a) and (b) , respectively, for different heat inputs and a constant R S /R CNT ratio. As the heat input is lowered, the angle at which dryout begins and the previously defined maximum allowable optimum angle both increase. This occurs because there is a lower mass flow rate (and therefore less pressure drop) through the CNT section and a wider wedge can be used before the capillary pressure limitation is reached. The minimum evaporator resistance at the optimal angle, however, remains unchanged since the R S /R CNT is constant. The critical angle (R * = 1) similarly decreases with increasing heat input. This is, in part, attributable to the more rapid increase in dryout area observed for higher heat fluxes with increasing wedge angle. It is concluded that higher heat inputs to the evaporator require more finely dispersed CNT nano-wick sections to achieve the similar performance. Even for a conservative estimate of the CNT evaporation enhancement, the evaporator resistance can be reduced by more than 50% using interspersed 15°w edges, this performance improvement is not possible without interspersed micro-wick feeding structures. Fig. 8 (a) and (b) shows the relative dryout area and dimensionless resistance as a function of wedge angle for different R S /R CNT ratios at a constant heat input. When R S /R C NT = 1 (i.e., when the CNT array provides no reduction in resistance), the resistance is equivalent to the baseline case as expected and only worsens once the capillary limitation is exceeded and the CNT area begins to dry out. Incorporation of CNTs would not be recommended for such conditions. A more relevant observation is that the minimum evaporator resistance decreases with increasing R S /R CNT . As the CNT area becomes more efficient at removing heat from the surface compared to the sintered powder region, the evaporator resistance should decrease as long as fluid flow is not limited by the pressure drop. The required minimum optimum angle decreases slightly with increasing R S /R CNT . This occurs because more fluid is diverted into the more effective CNT area, which leads to larger dryout areas ( A dr yout /A CNT ) for increased R S /R CNT . However, this change is negligible for the heat inputs investigated. In addition to the obvious conclusion that a lower-resistance CNT array lowers the overall resistance, it is observed that the range of operating angles beneath the critical value (R * = 1) is significantly extended. For very large ratios of R S /R CNT when a majority of the CNT area is dried out, the small remaining evaporating area is still able to reduce the overall evaporator resistance compared to the baseline case. For the most optimistic case where R S /R CNT = 25, even at = 60°, the failure angle is not reached and the minimum evaporator resistance is lowered by an order of magnitude compared to the baseline case. For all the cases investigated with different heat inputs and R S /R CNT ratios, a significant enhancement potential is seen for the proposed integrated wick geometries. However, multiple different macroscopic evaporator geometry permutations could be conceptualized, which would allow for further enhancement. In all of the cases above, the geometry was fixed such that the sintered powder and CNT wedges were of equal area. However, it was observed that the pressure drop in the sintered powder wedges was negligible, essentially rendering them to be fluid conduits of larger size than necessary, which act as thermal insulators relative to the CNTs. By taking advantage of this observation, a second evaporator geometry with sintered powder wedges that were half the size of the CNT wedges was evaluated. In theory, this would increase the low resistance CNT area without any negative performance impact so long as the pressure drop in the sintered powder wedges remained negligible. An assessment of this hypothesis is performed by comparing the thermal resistance of the proposed 2:1 A CNT to A S ratio geometry against the 1:1 ratio geometry for q = 20 W and R S /R CNT = 5, as shown in Fig. 9 . As expected, the thermal resistance is reduced by 20% across all wedges angles due to the increased CNT area available for evaporation. Similar considerations could be used to arrive at additional evaporator geometries to further optimize overall performance versus manufacturing challenges.
VI. CONCLUSION
The superior thermal and physical properties of CNT justify investigation of their use as possible nano-wicking structures in heat pipes to reduce the evaporative resistance. A numerical capillary limitation fluid flow model was developed to assess this potential reduction in evaporation thermal resistance. While a feeder wick pattern consisting of alternating wedges is selected for the analysis, the approach used and the conclusions drawn are applicable to general feeder wick arrangements. The key insights obtained from a parametric study using the model.
1) The low permeability of CNT arrays prevents their use as a wicking material over a large area due to limitations on transport of working fluid. 2) Relatively high permeability micro-wicks can be interspersed throughout CNT arrays as fluid feeding structures to limit the excessive pressure drop. 3) Using interspersed nanostructured wicking surfaces, the evaporator thermal resistance may be reduced significantly when adequately sized feeder wicks are utilized and the relative micro-wick to nano-wick area is optimized. 4) Given a feeder wick geometry, wick structure, and thermal requirements, there exists an optimal feature size that minimizes the evaporator resistance for the least micro-fabrication expense. He is a Principal Engineer in the Raytheon Integrated Defense Systems Advanced Technology Programs Directorate, Sudbury, MA. His work focuses on research and development into thermal management and energy system technologies for next generation defense electronics. His current research interests include development of advanced device scale, heat spreader, thermal interface, cold plate and cooling system technology incorporating emergent materials, and system concepts.
